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!|' P 5 I. INTRODUCTICS!

During the pericd covsred by this Summary Progreses Report, the

main saphasie of :esearch work wes put on thie development of new high temper-

ature materials having a chromium-boron base., In the previous Summary Report
we briefly reported on some rather encouraging results in this connection and
az attempt was made during the past reprrt period to astablish metallurgical
charactveristics, processing procedures and the physical properties for these

nev materials; the results reportod below reprasent a summery of physical

! properties for the BOROLITE III (300 eeries) and BOROLITE IV (400 series) ;

compositions inveatigated to dats,
Durin_ lhe initial report period all samples ware produced by hot

pressing using direct conducticn heating, However, it became quite obvious

i

J

l

!

i

! that control wa: rather poor and that from 2 commercial point of view greater
: reproducibility would e insured through the use of standard cold pressing

i and sintering techniques. Since the sintering techriqusa were yet to be

! established, a certain dslay in resesrch work as such occurred. It proved
'!. rather difficult ¢s locoate a furnace that would raadily maintain sintering
temperatures at 1500° and 1600° C end still have a pure end dry protective

s ! atmosphere. After thase expsrimsnial difficulties had been overscome snd new

! ' methods for part production developed, initial test samples wers sulmitted to

companieé such as the General Electric Campany and tasting activitiea such as

the Naval Research Laborz=tory in Washington, D. C. and the National Sureau of

Sies

Tpli ol ‘ Standards in Washington, D. C. Results gensrally showed that BOROLITE 773

o
[N J
¢ i {200 sariss) had axcellent stress to rupture proparties,
4 1 - .
; ; {ﬁ buring the past repori pericd, a new alloy for use at high tempera-
¥ P 0
§ i ture was 2lso worked on. The trade name "BOROLITE IV" (400 series) was
T B
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assigned to this alloy which is composed substantiaily of chromium, molyb-
denum and boron. Initisl results on BOROLITE IV show exoelient high tempera-
ture properties. In most instances, BOROL(TZ Y¥ has shown superiority to
BOROLITE III alloys which may have tc be elizinated in the light of

BOROLITE IV performance.

Provious Sumzmery Rerorts also deeit with BORQLITE I Zirconium
Boride. The task order for tha geriod covering 1953 to 1954 called for elimi-
naticn of BOROLITE I from the rssearch program unless spscial test samples
were requested by govarnment agencies. In view of this, very littls work was
done in connection with BOROLITE I and 2ll activities vere limited to some
part making and nozsle tasting as carried out in connection with gove.,mment
requests,

A 80l1d solution study; both of the diborides of the transiticm
metals as well as of monoborides end certain other phases of the transition
metal borides came o an end. A good undsrsianding of the strustural charac-
teristics underlying s2olid solution formation of diborides was asguirsd. The
Appendix includes & publication which apperrec in Acta Metallurgioca last
January. The physical propasriies of pure transition metal diborides, being
Gf extreme interest from a fundamentel point of viasw, were also studied and
the results of this study wiil be reported in = ssoticn of a fortheoming
letter report.

In swmmarlizing the work done during the last report pepiod, it econ
be stated that a new high tamperature material has teen developed making use
of the elemente chromium, molybdenum and boron. This new high temperature
material, designated as BOROLITE IV, appears to outperform in texus oif heat

shock resisiance, resistance to cxidation end stress %o rupturs streangth most

, e,
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¢? the now lnown cermets commercially available. Howsver, in terms of
resistance to impact, BOROLITE IV still has to be improved and it will be
the main effort of tais forthooming year to impart the necessary impact
sirength and a certain amcuunt of ductility to BOROLITE IV to make it a very
sttinotive and praotical high temperature meterial, Considerable progress
has already been made towards achievement of satisfactory impact strength
through the use of now fabricavion techniques and compositions., It ¢sn he

expsoted that work along these lines now in progress can be campleted during
this project pericd.
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( II, DENSITY OF BOROLITE 300 AND 400 SERIES
The immersion densities of varicus fuliy-sintered BOROLITE composi- |
tions are given in Table I, For ths 300 sories the deansity ranges from 6.20 !
to 0.86 g/sc, wherees the density of the 400 series is somewhat zreater,
going from 6,77 t¢ 7.31 g/cc.
TABLE I
DENSITY OF BOROLITE 300 AND 400 SERIES
00 Sardan 400 _Series
Composition Density (g/co) mi"m"mm;@@
301 6.20 401 7.31
301 & 6.28 402 7.13 |
301 v 6.36 403 6.88
301 o A 404 6.77
301 3 6.53
302 §.60
302 6.69
304 » 6,78
305 a 6.86
(
|
AMEIRICAN ELECIRO METAL CORPORATION 4 YONKERS, MEwW YORK i
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l i IYI. MELTING POINTS OF VARJOUS ROROLITE COMPOSITIONS
|
Most of the BOROLITE composition= do not have true mslting points.
|
E Rather, they liquefy over & range of tempsrature beginning with the first
appearance of 1liquid (solidus) and ending with the temperature at which there
t is total liquia (liquidus),
Table II iists the approximate temperatures at which liquid first
appears for some Borolite compositions, Most of them, with the exception of
301, melt in the region from 1500° to 1575° C,
TABLE I
AFPROXTMATE MELTING POINTS OF BOROLITE 300 AND 400 SERIES COMPOSITIONS
| , [
; ' 300 _Series ___@_s.__v.__@_ierie i
. : Composition Melting Pt (%c) Composition Melting Pt (9C F
i. } 301 1760 401 1525
g 302 1560 402 1500 !
i 1 3
! 304 a 1500 403 1525 -
- ; 305 a 1520 4C4 1575
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IV. BRESISTIVITIES OF BORCLITE 300 AN 400 COMPOSITIONS

The elactrical resistivity of BOROLITES 300 and 400 are shown in
Table III. They are all good conductors, their resistivities extending from
about 27 to 78 microhm-cm at room temperature, In addition, they ali have
positive temperature coefficients of resistivity.
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TABLE III
ELECTRICAL RESYSTIVITY OF VARIOUS BOROLITE CQMPOSITIONS
£
300 Series 400 Series i
ssistivity " Resistivity
Composition {microhm-cm) Co...pcaitign {(microhm-om) i
301 78 401 27 i
01 a 7 402 34 !
3ul o 60 403 47
302 43 404 54
303 40
3C4 a 33
05e 28
("
|-
. i
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V. THERMAL CONDUCTIVITY OF BOROLITE 300 SERIES

Measurements of thermal conductivity of four different BOROLITE 200
series compositions, made st 20° C and at 100° {, arc given in Table IV.

As the data show, all of them ara good conductors of heat,

TABIE IV
THERMAL CONDUCTIVITY OF BOROLITE 300 SERIES

e M IR SO o i 10 st 3. Arromstrreom e bireryiind OIS ~ o s s s 2o

(cal/om/sec/°C)
Composition 200 ¢C 100° ¢
301 4 034 0375
302 «045 +049
303 ,061 .0635
304 a 074 0805
Anverican ELECTRO METAL (_:_ORPORATION 7 Yonnews, ivaw YORK
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i VI. ROCKWELL "A" HARDNESS OF BOROLITES A
i i
|
‘l» ke
E Table V shows the hardness of BOROLITE 200 and 400 seriss composl- g
‘ tions, as measured on the Rockwell "A" scale. These values range from 60 to g
: 88 for the 300 ssries and from 78 to 88 for the 400 series. ;
‘i ['
TABLE V
ROCKWELL "A" HARDNESS OF BORCLITE COMFGSITIONS
300 Seriesn 400 Series 7
Composition 25 Corposition RA I
301 86 401 78
30l e 87 402 81 :
301 b 88 403 86
i
E 301 ¢ a8 404, as |
fo | !
; 301 & 86
B )
! 302 82
' 303 Vil
: ; 304 a €8
E 305 a 60
4
|
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ViI. SPECIFIC HEAT OF BOROLITE 300 SERIES AT
ELEVATED TEMPERATURES

The results of measurasments of specific heat of various BOROLITE
composiiicus at elevated temperatures are listed in Tsble Vi. These were
made in ths usual manner, by measuring the tezpcraturs of a know weight of

water contained in a calorimeter before and after immersing the heated

svecimens,
TABLE VI
SPECIFIC HEAT OF BOROLITES AT ELEVATED TEMPERATURES

N 300 Seriee 400 Series

Composition WQL]TGOO Composition ig-%a
301 -- «1701 401 +1287
301 a -- 1734 402 +1380
301 4 21535  J1671 403 1418
302 - 2424 404 «1507
303 »1438  .1532
304 a - -
365 a = 1426

ral, CORPORATION
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VIII. MODULUS OF ELASTICITY MEASURFMENTS AT ROOM
TEMPERATURE AND AT 1000° C

Figurs 1 shows a plot of the resuits of stress-strain tests ca two
different BOROLITE 300 compositions at room temparature., Young's modulus ~f
elasticity hias been calculated both from these measurements and from values
obtained by the simple beam method, The latter values, which are given in

Table VII, tend to be momewhat largsr than thoss caloulated from stress-

strain data,

TABLE VII

ELASTIC MOJULI OF BCRCLITE 2C0 COMPOSITIONS AT
ROOM TEMPERATURE AND 100C° C

(Simple Beam Mathod)

Modulus cof Elastiocity Modulus of Elastioity
Composition (psi) Room Temp. {pei) 1000°C
304 a 43,100,000 31,400,000
302 38,20C,000 27,400,000
301 4 38, 3¢0,000 27,500,000

S—
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% ) IX. 1TRANSVERSE RUPTURE STRENGTH OF BOROLITE 300
5 AND 400 COMPOSITIONS AT 1800° F
i
i § Table VIII givea the transverse rupture strength of various of
I : these materials as measured at 1800° F. They range from 80,000 to 125,000
; ; psi for the 300 series and from 88,000 to 160,000 psi for the 400 aeries.

TABLE VIII

TRANSVERSE RUPTURE STRENGTH AT 1800°F OF BOROLITE 300 AND 40C SERIES

rn_bﬁll.'idll-.'—-ol

i
f
|

i

1
{
I

300 Series LOD Serias '
Composition T. R. Strength Cemponition 7T. R. Strength [
301 80,000 4, 160,060
i | 301 & £2,000 402 111,000
301 b 85,000 403 88,000
{
; 301 ¢ 85,000 404, 108,000
302 100,000
3C3 125,000
; : %L a 125,000
f § 308 s 105,000
2l
N
T
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X. STRESS TO RUPTURE PROPERTIES OF BORCLITE 300 AND 400 SERIES

A composite curvs of stress versus rupture life at 1800° F for a
group of BOROLITE 300 ccmpositions is shown in Figurs 2. All of them, with
the sole exception of BORCLIZE 305 a, have 100~hour lives equal to or greatisr
than 10,000 psi.

A similar plot for the BORCLITE 400 series iz given in Figure 3.
These campositions, with the exception of BORCLITE 401, have still greater
stress-rupture strengths, being in sxssss of 10,000 psi for 100C-hour lives,

Table IX summarizes these strsss-rupture valuss, 33 measured at

1800° F.

TABLE IX
STRESS-RUPTURE STRENGTH OF BOROLITE 300 AND 400 SERIES AT 1200°F

| e

o 100 Hr, Life 1000 Hr, Life
Cohpaptticn (psi) {pe1)

301 a 18,300 13,000

301 a 15,000 11,000

302 s 18,000 13,000

302 13,500 Z.

304 & 10,000 -

305 a 7,600 -

401 14,000 ‘7,700

401 s 24,000 19,000

402 16,000 11,500

403 17,500 12,500

AMERICAIN ELECTRO METAL CORPORSGTION 12 YGCNKERS, NEw YORK
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Two BORQLITE compositions, 302 s and 401 s, have also been tested
in stress-rupture at 2000° F, Figure 4 shows a plot of the results of these
tests, oomparihg the curvse obtained at 1800° F with the 2000° F curves.
Table X compares the stress-rupture strengths of thease compoeitions at

1800° F and 2000° F for 100-hour and 1000-hour lives.

TABLE X

OB ADTTAR AR
o gl

PARISOR OF STRESS-RUPTURE STRENGTHS OF THO BOROLITE COMPOSITIONS
AT 18C0°F AND 2000°%F

180007 _2000°F
Composition 100 Hr. Life 1000 Hr. Life 100 Hr. Life 1000 Hr. Life
302 s 18,000 .psi 13,000 psi 3,500 pei 2,500 psi
401 8 24,000 psi 19,000 psi 15,000 psi 12,000 psi

et ot 1100 1 00 AN NN M AL 5 T VRN T -
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X
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XI. ADDITIONAL PYYSICAL PROPERTIES

The above materials have been tested for varicus other high
temperature properties in additica to the ones listed above., Thermal expan-
slon measurements in the range from room temperature to 1000° ¢ give coeffi-
cients for both series of BOROLITES of betwsen 9 x 10~° and 10 x 1576 in,/in,,
a valus scmewhat smaller than that of most metals, Insofar as heat shock is
conceraed, the BOROLITE 400 series compositionz mszt the NACA specifications
of 100 cycles in the standard MACA test. The 300 series compositions are not
as successiul, with thermal shock failures sometimes tzking place prior %o
completion of the full 100 oycles.

The oxidation performanca of these materials in stzgnant air at
i000° ¢ 1s very good. Most cf the compesitions have been abls to success-
fully withstand vxidation taats for over 1000 hours at this temperature and
even at 11C0° C with little weight gain and slight growth in oxide coat.

The above BOROLITE oompositicns show poor perfcrmance in ons pro-
perty, namely impact resistznce, Tests on BOROLITE 300 and 400 metsvrials at
room temperaturs yisld impact resistances of 2 ft. 1bs. or less in the Charpy
test and less than ono inch-lb, in the standard MACA test., Thus a research
pregram designed to improve this particular property without harming other
propertiies is now being followed.
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XII. SUMMARY

The physical properties of some new iraterials for use at and above
1800° F have been described. Continuing research in connectior with koth
the 300 and 400 series will probably tend to somewhat modily (increase) their
strength characteristics as reported here; it is not expected that density,
elextrical resistivity, specific heat and modulus of elasticity will be

materially affected,

Bmphasis of future research activities wilili be placed on improvement

of resistance to impact of the materials of the 400 series.
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TRANSITION METAL PIBCRIDES*
BENJAMIN POST,} FRANK W. GLASER{ and DAVID MOSKOWITZ}

Structural characteristice of eight transition metal diborides bave been invesiigated. it was
found that in these hexagonal compounds the length of the ‘2" axis is determined prim-
arily by boroi-boron contacts in ihe caze of diborides of the smaller metal atoms,
whereas in the diborides of the larger metal atoms, the metal atoms are the. determining
factc " alarged metal atoms were postulated to explain variations in laitice dimensions and “c/a
ratios. An examinatior of the melting points of the diborides relative to those of their respective
metals indicated that they reflect primarily the strength of the Me-B bonds in these structures. The
extent of mutual solid solubility appeared to depend mainly upon size i:ictor considerations. In cases
of solid solution between two diborides where one of these was of a more highly ordered structure
than the other, the more disordered phase was favored.

LES BIBORURES DES METAUX DE TRANSITION

Les biborures de huit métaux de transition furent examinés afin d'étendre la connaissan::e de leurs
caractéristiques structurales.

On a constaté qus 1a longueur de I'axe ““a’* de ces composés hexagonaux est déterminde, soit par
les contacts bore-bore, soit par les contacts entre les atcmes méraliiques; ic premier cas a'appiique
sux biborures des métaux 4 petits atomes, et le deuxidme cas aux bitorures des métaux 3 graads
atomes. Un accroissement des dimensions des atomes métalligucs a été propost pour expliquer les
variations dans ‘es dimensions des réscaux et dans les rapports *’'c/a’’, Ui examen des points de fusion
des biborures, en comparaison avec les points de fusion de leurs métaux respectifs, a permis de con-
stater que ceux-la refldtent rrindpalement I'intensité des liaicont Me-B dans ces siructures. L'étendve
de solubilité solida, mutuelle, dépend surtout du facteur de dimensions.

les cas de solution solide entre deux biborures, dont un a une structure plis ordoninée que

Dans
I'autre, la phare la plus désordonnée prédomine.
DIBORIDE DER UBERGANGSMETALLE

)

& 4,
o e i
]

s e g ey

-

+,

.
.__mwl'.blmm-wvw.-. ESALE

Strukturelle Eif enschaften der Diberide von acht U

ngemetalien wurden untersucut. Es

geigte sich. dass in diesen hexagonalen Verbindungen die Lizi: der a-Achse in Diboriden mit

zleineren

etallatomen in erster Linic vcn den

or-Bor Kontakten besiimmt ist, wihrend beai

Diboriden mit vmmn Metallatomen die Metallatome diz g5ssc—bestimmenden Faktoren sind.
(2

Ez wurde -ine
konatantert und im “c/a" Vi
und der der ents;

rgruaan:r." der Metallatome postuliert, die die Verinderungen in den Gitter-
2 erhltnis erkliizen kann. Ein Vergleich der Schmelzpunkte der Diboride
:nden Metalle deutet darauf hin, dass der Schmelzpunkt der Diboride in

erster Linje die Stabilitit der Me-B Bindung reflektiert. Das Ausmacs der gegenseitigen festen
Lislichkeit scheiut hauptsichlich vom jeweiligen Raumbedarf aozuhingen. In festen LSsungen von
zwa Diboriden, vor. denen eine Verbindung einen hdheren Ordnungsgrad als die andere aufwies,
vurde die Phase gering=ren Ordnungsgrades bevorzugt.

Introduction

Isomorphous ditorides of eight transition metais
(Ti (1), Zr ;2], Hf (3], V [4], Nb [5), Ta [6], Cr [7]
and Mo {Sa,b]), have been described in the exten-
sive literature of metallic borides. Most of these, as
well as the closely related Mo;B; and W,B4 com-
pounds, have been described by Kiessling in a
comprehensive review article [9).

In this paper some structural and physical pro-
perties of these borides and their solid solutions
will be discussed,

The crystal struc.ures ~f the diborides are simple.
Thev are of the C-52 type. The primitive hicxigenal
unit cell contains one formula weight of MeB;.
The space group is D’a—C 6/mmm, with the metal
atom at 0,00, and boron atoms at 3¢, 3§, 14 and
34, 3¢, ¥4. As shown in Figure I, thie metal and
boron atoma lie in alternate planar layers. Each

*Received Aujast 21, 1953, i
Polytochnic institiste of Brogkly=s, Brookiyn, New Vork.
I.’unerim Eiectro Metal Corporation, Yonkers, New York.
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metal atom has six equidistant closeat mata! neigh-
bors in its plane, and twelve equidistant boron
neighbors, six iii the layer above a2nd six in the
layer Uelow the metal atom. Correspondingly, each
boron atom has three closest boron nzightors in its
plane, and also iorms six boron-to-metal bonds.

Kiessling [10] has determined the crysta! struc-
tures of ihe closely related MoyBg an? W.B.
These resemble ordered modifications of the MeB,
structure and are discussed below.

A diboride of uranium, apparently isomorphous
with those listed above, has recently heen prepared
{Li]; it is not inciuded in this discussion, which iu
limited to diborides af {znzitine metais of the
first, second and third leng periods.

1. Structural Considerations

1. Lattice Dimensions

Lattice constants ¢f the isomorphous dikorides
are listed in Table I in order of increasing icnsth of
th: *“a"” axis. Boron-to-boron distances are also
listed.
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Studies of a number of compuunds ir which Norton ¢ al! {4] and Kiessling [6] have noted the
boron-boron bonds exisy ndicate that the “normal”  fairly reguiar increase in this ratic which accom-
boron radius is 0.87 / i.e., the “normal” boron- panies increasing size of the metai atom. It is of
boron separation is 1.74 A [0]. In ilic MeBs siruc- some interest to investigate this effect more 5 .
ture, the length of the “‘a’ axis is /3 times the closely.
boron-horon separation. In the borides of the Values of interatomic distances in the pure metals

smailer metal atoms (e.g., Cr and V )the length of and in their diboricies are listed in Table IT. It will

o VA s et i B eSS & TR N 105

R ——— TABLE 1
Umit Ceii DIMENSIONS OF METAL Dhisuxipes (IN A)
tigr spn .‘/a (B—B)
CrB, (7] 2.97 3.07 1.03 1.72
VB, 4] 3.00 3.06 1.02 1.73
TiBs [1] 3.03 3.23 1.07 1.75
MoR, [84]* 3.05 3.08 1.01 1.75
TaB4 [6] 3.08 3.27 1.08 1.78
NbB; [5] 3.09 3.30 1.07 1.78 3
HfB; (3] 3.14 3.47 1.19 1.81
ZrBs 2] 3.17 2.83 1.11 1.83

3 -
B (R)FROISCTION ALONS THE £ AXIS

WITN RDJIACENT UNIT CELLS CUTLINED .B:frltf‘kt ‘angw Blum [8b] have reported o = 3.05 Aand
¢ = J. 41 CT VICD..

be noted that in all cases the ‘‘observed” Me-B
bond length exceeds the correspondiug calculated
value by 607 + .01 A. This Me-B separation is
related to the axial lengths in the following way:

Lo

) )
(1 die-m) = (g' + %)‘ \
TABLE 11 )
{d) PROIECTION ONTO "2 o' PLAaNE INTERATOMIC DISTANCES m( il:iir)m avp MeTar Disozions
FIGURE 1, Arrangement of meta! (Me) atoms and Boron (1) (2) (3) (2 (8)

(B) atems in MeB,,
r{ Me) in Metal r(Me) r{Me) r(Me-B) (4)

the "a" axis is determined primarily by borca- ' C.N.in for (C.N.12) obs.  minus
boron contacts. The length of the “a" axis in. Metal  liackeis  CNa2° f(lgs)':B) inMeBs  (3)
creases with increasing size of the metal atoms. 087 A
Thus, in ZrB,, the boron-boron separation, which 5 - o —~
must equa! 2/4/3, is 1.83 A, or 0.09 A in excess of ;: :;;;;i; :;g g‘i’: ;5‘*2 g;g
the “normal” value. Cvidently, in such borides, ¢ 1.57(12) 1.57 244  2.51 007
the metal atoms are in ‘‘contact’” and determine
the length of the “5" axis. \% 1.32(8) 1.37 2.2 2.31  0.07
These elementary considerations of atomic size Eb 143/(8) 1.48 23> 243 0.08
indicate that, regardless of othei factors, it is 25 1.43(8) 1548 2135 2:41  0.05
doubtful whcther metal atoms much smaller than BCr*" 1.38 (12) 1.36 2.23 2.3 0.07
Cr, or wmuch larger than Zr, can form diborides of Mo 1.33 (8) 1.41 2.28 2.34 0.68
the type discussed. The excessive separation of w 1.37(8) 1.42 = o =

metal atcms in one case; and of boron atoms in the *Where values for C.N. 8 were the only ones available, the

o} 1 values for C.N. 12 were computed using; Pauling's aquation
other, woulC undoubtedly lead to structural ROD) — R(8) = .300 log 5 h2f
mnstab:lty. **Values forlB Cr(hetve been used somegha_trfrlzitrarily in
CERLPY LN - Y o7 Roand i | this Table in place of the morc commen = Cr, The latteris so
2. “¢/a’ Ratios and ie-B Bond Lengths small (r = 1.55 &) that it appeacs probable that in CrBs tire

I A SISl S v A 4TI S35 i i

RS RIS L L 1

2 i Values of the ‘“‘c/a” ratinc are listed in Table I.  Cr atom has a configuration similar to that in 8 C .
i ==
i
3
i
1
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The calculated values are simply the sums of the
“normal” boron radius and the radii of the metal
atoms ror twelve-fold coordination.

Evidently, the effeclive radii of either the meta!
or boron atoms, or both, are substantially greater
than the radii used fo: these ‘‘calculated’ values.

Considerable light is shed on this point by a
consideration of the variation of the lattice con-
stants of IvbB; and TaB; with boron content {6;
13). These compounds show relatively wide homo-
gencity ranges. Comparable data are not available
for other diborides.

Kiessling (€] has reported that at the lower boron
liinit for TaB, (ca. 64 atomic per cent) “‘a”" = 3.099A
and “¢" = 3.224 A. At the upper boron limit {ca.
72 atomic per cent) ‘" = 3.057 A and ‘¢
= 3.201 A. Similar results have b 'r reported by
Rrewer et ai [13] and have also been obtained in the
course of this investigation.

In the case of NbB,, Breweret al. [13] f jund that,
at the lower boron limit (the ex~ct lomogeneity
range was not reported) 4 = 3.110A and ¢ =
3.285 A; at the upper boron limit ¢ = 3.085 A and
c=33i1A

In both compounds, however, thie Me.B dis-
tances remain substantially constant throughout
the homogeneity ranges: these are 2.41 A in TaB;s
and 2.43 A in NbB;. It is clear from equation (1)
that, if d(ye—s) remains constant, an increase in *'a’’
must bc comnensated for by a decrease ir *'¢", and
vice versa, as is observed.

In both cases, too, ‘&’ decreases as the boron
content of the phase increases, and increases as the
boron content goes down. In the MeB, scructurs 2
horon content in excess of the stoichiometric
amount indicates that the boron layers are fllad
while the metal lavers are only partially full; the
converse is true in cases of boron deficiencies,

In these borides the length of the ‘a” axis
apnears to be determined by the halance between
two opposing forces: expausive forces due to
“anlarged” meta! atoms, which are opposed hy
strong cohesive forces within the boron nztwork
which resist any increases iz the Dboron-boron
separations. In these circumstai:ces the ““a’” dimea-
sion decreases when the cohesive forces of a full
boron layer are opposed by the weakened expansive
forces of a partially filled metal layer. (It must be
borne in mind that when the boron content rises to
72 atomic per cent, as in the case of TaB,, the metal
content is only 28 atomic per cent, and there are,
therefore, 8 vacancies out of every 36 avaiiable
meiai pusitions.) Similar considerations «xplain the

ir1icrease in “‘@”’ when the boron content is decreased.
The observed variations in *‘c’’ simply compensate
for the changes in ‘' while diue-» i8 maintained
constant.

“Enlarged’’ metal atoms have been postulated to
explain the variations in lattice dimensions. The
magnitude of this “enlargement’ appears to corre-
spond closely to the values listed in cclumn § of
Table II (i.e. the radii for twelve-fold coordination
appear to increase by these amounts in Meb,).
The length of the “‘a’ axis will be close to twice this
“enlarged’’ metal radius in cases where this in-
creas® does not involve a large increase in the
boror-boron separation over the “normal’”’ (1.74 A)
value. Fowever, in cases like ZrB; and HfB,, the
effective radius of the metal atom in the ‘a”-
direction i8 no greater than the metal radius for
twelve-fold coordination. In both ZrB; and HfBs
the strong cohesive forces in the “‘stretched’ boron
lattice (B-B = 1.83 A in ZrB,) prevent any expan-
sion of the metal atoms in the *a'’-directirn. No
such restraints are present in the ‘¢’ or the
*Me-B” directions, and in these directions these
metal radii iticrease by approximately 0.07 A.

The variation in the ¢/a ratio can be explained
on this basis. Where, as in CrB; and VB, eve;: the
expunded metal atoms are not in contact, the ¢/a
ratio is small. It can readily be shown that, when
the metal atoins are ia ‘‘contact” and the boron-
boron separation is “normal’’ or close to “nsormal,*!
the ¢/a ratio wiii be about 1.08. In the cas: of the
largest metal atoms ihie '‘rnrmal’ increase in “'e’
is prevented by factors mentioned above and the
#/a ratio rises to 1.i0 and 1.11.

3. Meliing Pois:ts of the Diborides

A comparison of the meiting points of ths metals
and their diborides (Table III) is cf interest. The
melting points of diborides thai had nat previcusly
been reported were determised in the course of this
investigation. The ratios of the melting voints of
the diborides to the melting points of their respec-
tive metals are also listed in Tabie 171, Tliesc ratios
(which reflect the thermal stakiiities of the dibor-
ides relative to the pure metals) decrease reguiarly
in going from Group IV to Group VI, and decrease
also within each group in geing froui. icwer to
higher atcmic numbers. The 1nelting points of the
pure met:ls bekave in the opposite fashion; they
increase in going from Group IV to Group VI, as
well 93 in goiny from lower to higher atomic num-
bers within a group.

itis evident that the bonds which determine the
thermal stat:lity of the diborides zic :ot simply
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Me-Me bonds. Nor do they appear to be B-G
bonds. The meiiing points of diborides of iarge
mctal atoms have the highest melting poisis.
zlthough 1n these compounds the B-B separaiions
are greatest, and the B-B bonds presuinably weak-
est. It therefore appears probable that the melting
points of the diborides reflect primarily the strength
of the Me-E bonds.

The data in Table III indicate, too, that the
diborides of Group VII wouid, if they existed,

TABLE 111
MEL.lNu Poxms OF Wr.uLs AND ’1 HEIR Dinrcricrs

MP°C. MP°C. Ratio MP (MeBg) in °
Metal MeBs MP (Me)
Ti 1700 292G 1.62
Zr 1850 2050 1.57
Hf 2250 3240 1.40
v 1735 29400 1.33
Nb 2500 3050 1.2D
Ta 2990 3200 1.06
Cr 1850 1002 1.02
Mo 2620 21% .83
w 3410 2200* 67

*Refers to melting point of WiB;; it is prcbable that WyBs,
iilke Mo.B., transforms to the MeB. form near the meltiag
point.
probably exhibit low thermal stability relative to
the nure metals. So far as is known diborides of
these metals have never been prepared.

These results may be compared with recent
findings of Hagg ~1d Kiessling [14]. Their ctudics
of ternary metal-boron systems indicate that, in
transitinn metals of the first series, the strength of
the Me-B bonds (in MeB and MeyB) decreases
with increasing atcmic numbers.

IX. Solid Solutioxis

1t is eviden: that metal-to-metal replacement to
iorm solid solutions should cccur readily in the
diborides. In this section we shail discuss the yesults
obtained in the course of an investigation of these
solid solutions.

1. Preparation of Kaw Material and San jies

All the m=%a! diborides were prerared by direct
synthesis from the elements. The purity of the
products was controlled by chemical
diffraction analyses.

To obtain solid sotutions, iwo Loiides

v
and X Tay

were mixed

in the desired proporticns and not pressed into bars
approximately 34 X 3 X 1”. Very high currents
were thenr passed through these boride test samples.
Samples were heated in this way very rapidly to

4 S 5 a3
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their melting points in a helium atmosphere. Sur-
faces which had b=en in contact with carbon dies
during hot pressing were care{uvlly ground to remove
all surface carbon. All samnples were chemically
analyzed; these latter values, rather than the
proporticns mixed, were used in determising com-
position.

Solid solutions of diborides of Zr, Ti and Cr with
all the other diborides weire studied. It was felt
that results obtained with these three diboride
systems would be fairly typical of all the diborides.
Zr is the largesi mietal atom of the group studied;
Cr is the smaiiest; and Ti is intermediate in size.

The extent of mutual solubility was estimated
from X-ray diffraction measurements; a Norelco
Geiger Counter spectromster was used for all
diffraction experiments.

A prelimirary series of experiments conducted at
1500°C indicated complete solid solution in only
two of a iarge number of trials. Even in these two
cases (Cr-V and Nb-Ti) the similarities in lattice
constants could easily have disguised incomplete
soiid solution. Much higher reaction temperatures
were clearly needed. Sample bars were then heated
until they melted. All temperatures were measured
optically.

2. Resuiis

The results of these experiments are outlined in
Table IV, Tabie 1V aiso shows the reaction tem-
peratures reached during ail these experiments.
The ratios of the effective radii of the metal in the
diborides, as computed in Part I above, are shown
in cociumn 2. In addition, mutuzl solabilities, as
estimzted {rom X-ray diffraction measurerients,
are shown in column 4.

3. Discussion of Results

it can be seen, from the data ini Table IV, that in
general the so-called *“i5 per cent rule” is obeyed
for the systems studied. In addition. measurements
of the lattice constante of the solid solutions in-
dicated a practically 'irear variation oi parameters
with composition These measurements are sum-
marized in Table V. In a few cases, where X.ray
difraction measurements of 50-50 compcsitions of
two diborides with favorable radius ratios showed
clear evidence of only vne solid solution phase,
further measurements were considered unneccssary
for the purposes of this investigation.

The deviations from Vegard's Law which occurred
in a few cases were generally positive in. the case of
measurements of the ‘¢’ axis. This type of devia-

e o X ;i = e

L4

(L

|

i iwws—w:mgwm A e




PR T S A :
R R VR B e R I N S T S 0, e e S B R ek e e

24 LCTA METALLURGICA, VOL. 2, 1954
TABLE 1V
MutuaL SoLueiTies oF METAL DIBORIDES
0 (2 3 (4) (n (3) £y
Approx. Reaction  Radius Ratio Solubility Radius Ratio Solubility
ZrBain MeB; Temp. (°C.) % Diff. Mole % MeB; in ZrB, % Diff. Mole %
ZrB; in TiB;s 30004-100 13 100 TiBBy in ZrBy 10 100
" Y HIB, 3100100 2 100 HfBy ** * 2 . 100
“ VB 2500 4-200 i6 0-5 VB, “ ¢ 14 10-15 !
‘* " NbB, 30004100 8 100 NbRB, ¢ 7 100
*“ * TaBy 30004-100 8 100 TaBy ** ** & 100
' “CrB, 2100100 17 0-5 CrBy " 14 10-15
‘' * MoB;, 260C 1100 14 100 MoB; ¢ i3 100
N WaeB, 27004100 13 . WBy " 12 S
TiBs in MeB; MeB; in TiB,
TiB: in ZrB; 8000 4.100 e 100 ZrB; in TiBs 11 100 N
‘Y HIB, 3000100 8 100 HfBy " ] 100 z
VB, 2700:4-100 5 100 YVBy 5 100 ,
“ "Nb3,s 3000410 3 100 NbB; * ¢ 3 100
4 TaBs IGO0 100 2 100 TaBy ' 2 i
| “ 4 CrBy 2100100 6 100 CrBy " 5 100
i ‘' “ MoB, 2500 +10C 3 100 MoBy ¢ 3 100
| O WaR, 27004-10C: 2 ] wBy 2 e
CrB, in MeB, ' M:R, iz CrB, ’
CrB; in TiZ, 2100150 5 100 TiBy in CrB, 8 100 i
" ZrBy 21802100 14 10-15 ZrBy 17 0-5 |
1 ' “HIB, 2500 +-100 13 5 HfBs * * 15 0-5 |
' " VB, 20005100 - 100 VB, “ - 100 |
# ‘“NbB,s 2500:£100 8 100 2By ¢ ¢ 8 100
" TaB, 2500100 7 100 TaBy ** ¢ 8 100
¢ * MoB; 20004100 3 100 MoB, * 3 150
— "N WBs 21004100 - b WBy 3 -
( ] *Exact limits not as yet determined.
l TABLE V ticn is consistent with the coasiderations discussed !
J i CALCULATED 45D OBSERVED LATTiCE Ci'NSTANTS of MeTAL  above in Pare I. In Table IV a number of reactions
: ! D1BORIDE SOLID SOLUTIOR3 where caly limited solubiiity could be observed are
: 1 (50-50 Mole Per cent) listed. The axtent of solubility was estimated from
! ! g g X-ray diffraction measurements of lattice constants. i
i | Calc.  Obscrved  Calc.  Observed It was assumed tha.t, in the regions of m:..'z.'.est,
i ! o5 -+as coten lattice constants varied linearly with composition.
i ( 2 ) ( 2 ) It was estimated that solubility limits could be
: Ce/Ti 300 2.09 2. 147 .15 f\pproximeted in this way to within 5 per cent by
. v 2.984  2.00 3.081  3.045 interpolation. .
, i Nb 3.0%8 3.03 3.185 3.20 It will be noted that the behavior of the MoB,
PR Ta 3.023 3.025 3.6  3.21 solid solutions showed anomalous wvariation of
; Mo — 3.005 .01 3.065 3.12 lattice constants with composition. Large and
! | TijZr 3.008 3.10 3.379 3.302 positive deviations of the *‘¢" axis were observed
e Hf 3.085 2.088 3.35 3.368 in the solid sol:tions with ZrB,, TiB; and CrB,.
A s o gg; g'l‘z ;;24 ‘The causz of these deviations is difficult-to detes-
e il T Bt S mine; it is, however, probably related to the
\ Ta 3.058  3.65 3.248  3.246 e; . ' gy ol
= Mo 3.035 2.035  3.i47 3.206 va;'latlon? wl}x:ch hav: been observed lfn the rep:«rtg.&
i ! values of the lattice constants of pure Mo
L Ze/HI 355  BA6 3.0 34Ny, - P
s Nb 3.120  3.128 2428 342 agc . o s
St Ts 3.iz4 3.12 2.397 3.40 LIoris were aisy mace 1o picpait siiu s01uriGns
v Mo 3.106 2.085 3.30 3.40 of MosBs and W,B;. As was mentioned above, the !
I Ti 3.098 3.008 338 3.39 structures of these two compounds are very siinilar;
i
ed
iy
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they differ only in the lengths of the “¢'’ axes, i.e.,
in the extent of ordering in the “c'* dirention. In
W,B, thc sequence of mrtal sheets in the “‘¢”
directionis AABBAA;in MosB,itisaABBCCAA.
Planar and puckered !ayers cf boron atoms alter-
nate between layers of metal atoms. In both V;B,
and Mo;Bs separaticns between layers of metal
atoms are of two types; they are 3.07 A and
385 A in W3B;, and 2.13 A and 3.82 A in
M(J.B;. *

It was found that larger amounts of M0:B; can
be accommodated in the W;B; structure than vice
versa, The W,;B; phase is the more disorderad of the
two and its structure is favored in solid solution
formation.

Similar results were observed in the TiBy-W:B;
sysiem. In solid solutions containing 50 rnole per
cent of each compound, the phase present had the
MeB; structure,

The result in this latter case is of particular
interest since repeated efforts to prepare pure WBs
were unsuccessful. It is possible that this compeund,
like MoB; [84], forms at high temperatures; how-
ever, this phase (WB;) was not observed
at room temperatiurs even after very rapid
quenching of the high temperature reaction
product.
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